We determined the generalisability and cost-impact of adopting antibiotic-impregnated CVCs in all paediatric intensive care units (PICUs) in England, based on results from a large randomised controlled trial (the CATCH trial; ISRCTN34884569).
Introduction
Bloodstream infection (BSI) is associated with serious adverse clinical outcome and increased costs in paediatric intensive care units (PICUs). [1] [2] [3] Central venous catheters (CVCs) are an important cause of BSI in this population. [4, 5] Results from a large, pragmatic randomised controlled trial (RCT) in PICU (the CATheter infections in CHildren, CATCH trial; ISRCTN34884569; http://www.nets.nihr.ac.uk/projects/hta/081347) showed that CVCs impregnated with antibiotics (minocycline and rifampicin) reduced BSI rates compared with standard CVCs. [6] However, guidelines for adults recommend using antibiotic-impregnated CVCs only for high-risk patients and there are no child-specific guidelines due to lack of RCTs in children until now. [7, 8] Prior to the CATCH trial, standard CVCs were used for the majority of children in UK PICUs. [7] CATCH was the largest trial in PICU to date, recruiting 1485 children within 14 PICUs in 12 NHS Trusts in England, corresponding to 5% of all children admitted to PICUs in England and Wales during the trial period (2010) (2011) (2012) . If antibiotic-impregnated CVCs were adopted for children, it is likely that they would be bulk-purchased and used for all children requiring CVCs in PICU. Decisions on whether to purchase antibiotic-impregnated CVCs therefore need to take into account 1) the generalisability of trial results to all children who need a CVC, and 2) the overall budget-impact of purchasing the more expensive impregnated CVCs.
Firstly, in terms of generalisability, children recruited in CATCH might have different risks of BSI than children receiving impregnated CVCs outside the trial setting: Children in the trial were expected to require a CVC for three or more days, and would therefore have a higher risk of BSI than those staying for short periods of time; background BSI rates may now be lower than in the trial, as rates have been steadily decreasing over the past decade following the introduction of CVC care bundles and on-going improvements in infection control. [9, 10] Secondly, in terms of budget-impact, impregnated CVCs are approximately twice as expensive as standard CVCs, but these additional costs could be outweighed by the reduction in healthcare resources due to fewer BSIs with the antibiotic-impregnated CVCs.
We determined the generalisability of the CATCH trial by deriving BSI rates for all children expected to require CVCs, based on a linkage study using data from a number of PICUs across the NHS. [11] We determined the budget-and cost-impacts of adopting antibiotic-impregnated CVCs for all children expected to require a CVC in PICU by synthesising the following evidence:
1. the risk of BSI using standard CVCs (data linkage study) 2. the number of BSI potentially averted by using antibiotic-impregnated CVCs (CATCH trial results); 
Methods

Ethics, consent and permissions
The CATCH trial is registered on the ISRCTN registry (reference 34884569) and clinicaltrials. gov (NCT01029717). For PICANet, collection of personally identifiable data and specific permission for the data linkage study was approved by the Patient Information Advisory Group and the National Information Governance Board 
Rate of BSI using standard CVCs
Data sources. Full details of the CATCH trial methodology are reported elsewhere. [6] The trial results gave a rate-ratio of 0.40 (95% CI 0.17, 0.97) comparing any BSI based on blood cultures taken between 48 hours after randomisation and 48 hours after CVC removal, for antibiotic versus standard CVCs.
The risk of BSI using standard CVCs in all children in PICU was derived by linking clinical records from the national PICANet database with national laboratory surveillance data coordinated by Public Health England. [12, 13] Details of the data linkage study have been published previously. [11] The resulting linked dataset captures approximately 71% of all children aged <16 years, admitted to 20 of the 25 PICUs in England and Wales between March 2003 and December 2012 and is broadly representative of the whole PICU population. [14] For the present study, we restricted the linked dataset to children expected to require a standard CVC in PICUs in England. Types of CVCs used for emergency and elective admissions at each PICU were captured in responses to a PICU practice survey sent to a designated consultant at each PICU in 2009. [7] Where no response was obtained or the PICU was not included in the survey, we assumed that standard CVCs were used.
CVC use is not routinely captured for all admissions in PICANet, so we estimated the probability of CVC use for all admissions based on a subset of individual-level audit data from two hospitals, where CVC use was recorded. The subset of children most likely to have required a CVC was identified using multivariable logistic regression based on predictive variables in PICANet (use of vasoactive agents, length of stay and other clinical factors). BSI rates were then based on this subset of admissions. Full details of the predictive model are provided in S1 Appendix.
Case definition. We defined an episode of BSI as any positive blood culture isolated from a blood sample taken from two days after admission to two days after discharge from PICU. Repeated samples with positive cultures of the same organism within 14 days were treated as the same episode. We derived CVC days at risk by assuming that for CVCs were inserted at admission and removed at discharge from PICU.
Statistical analysis. Rates of BSI per 1000 CVC-days in CATCH and non-CATCH PICUs were modelled using multi-level Poisson regression. We accounted for clustering of admissions within PICUs by including a random effect for PICU. Appropriateness of the Poisson model was verified using a goodness-of-fit test based on the deviance statistic. For comparisons between units and over time, rates were adjusted for risk-factors identified as being significant (p<0.05). Likelihood-ratio tests were used to identify significant interactions between riskfactors.
Number of BSI averted using antibiotic CVCs
The number of admissions requiring CVCs in all 23 PICUs in England was derived by combining the admission data in PICANet with PICU survey responses on the percentage of emergency and elective admissions requiring CVCs in 2012. [7] The BSI rate that would have occurred with antibiotic CVCs in place of standard CVCs was derived by applying the relative treatment effect (rate-ratio) for all BSI from the trial to the BSI rate using standard CVCs. This provided the excess number of BSI occurring with standard versus antibiotic CVCs.
Budget-impact: additional costs of antibiotic CVCs
Antibiotic CVCs are more expensive than standard CVCs: £73 versus £42 for double lumen CVCs; £79 versus £43 for triple lumen CVCs. The total budget-impact of a policy to switch to antibiotic CVCs was calculated by multiplying the number of CVCs required by the maximum additional cost per CVC, i.e. £36. We assumed, conservatively, that any change in PICU length of stay, nursing or other resources would not impact on hospital budgets.
Cost-impact: value of resources associated with managing BSI
Full details of the trial economics analysis are reported elsewhere. The difference in the 6-month risk-adjusted costs between patients who had a BSI versus those who did not was estimated as £10,975 per BSI (95% CI -£-2801 to £24,751). The total value of resources associated with managing BSI with standard CVCs was calculated by multiplying this value by the excess number of BSIs with standard versus antibiotic CVCs.
Sensitivity analysis
We estimated the budget-and cost-impacts based on best and worst case scenarios for the total number of CVCs required and the excess number of BSIs with standard versus antibiotic CVCs. To account for uncertainty in estimates, we also performed probabilistic sensitivity analysis using Monte Carlo simulation. Values for each parameter were sampled from probability distributions based on observed data and 5000 iterations were performed to provide a 95% uncertainty interval for the cost-impact. [15] 
Results
Rate of BSI using standard CVCs
Survey responses for the type of CVCs used prior to CATCH were obtained for 18 of the 23 PICUs in England (S1 Table) . Only two PICUs reported not using standard CVCs for any admissions (both used heparin-bonded CVCs). The study sample contained admissions from the remaining 16 PICUs across England.
Of the 2488 admissions in the subset of CVC audit data, 1431 (58%) required a CVC. Applying the predictive model (S2 Table) to the linked dataset identified a subset of 21,381 admissions most likely to have received standard CVCs within the 16 PICUs between 2003-2012. Characteristics of these admissions (based on the full set of PICANet data) are provided in S3 Table. Risk-adjusted rates of BSI using standard CVCs decreased steadily between 2003 and 2012. Rates were greater for CATCH PICUs compared with non-participating PICUs (Fig 1) 
Number of BSI averted using antibiotic CVCs
Survey responses indicated that on average, 60% of emergency admissions and 50% of elective admissions required CVCs (S1 Table) . The number of children using CVCs in 2012 was estimated as 8831, corresponding to a total of 85,971 CVC-days. Applying the trial rate-ratio of 0.40 (95% CI 0.17, 0.97) for antibiotic versus standard CVCs gave an excess of 232 BSI with standard versus antibiotic CVCs in 2012, with best and worst case scenarios of 338 and 11 ( Table 2 ).
Budget-impact: additional costs of antibiotic CVCs
Based on a CVC cost difference of £36, the cost to the NHS of purchasing antibiotic instead of standard CVCs in 2012 was 8831 x £36 = £317,916. Cost-impact: value of resources associated with managing BSI Based on each BSI being associated with a mean cost of £10,975 (95% CI -£2,801, £24,751) over 6-months, the value of resources made available in 2012 through averting BSI with standard CVCs (i.e. the total costs of managing these BSIs) would have been 232 x £10,975 = £2,541,397. Best and worst case scenarios were -£925,583 and £8,205,414. The probabilistic sensitivity analysis provided a 95% uncertainty interval of -£66,544 to £5,557,451 for total resources made available through using antibiotic CVCs in 2012. There was a probability of 0.90 that the values of resources made available would be more than the additional costs of purchasing antibiotic CVCs (Fig 2) . The estimated cost-impact for a typical PICU with 350 admissions per year is shown for a range of BSI rates in Table 2 . Fig 3 shows that costs of purchasing antibiotic CVCs for all children who require them will be less than costs of managing BSI with standard CVCs for PICUs with BSI rates above 1.2 per 1000 bed-days.
Discussion
Our study determined the generalisability of CATCH trial results and the cost-impact of changing practice in PICUs across England based on the trial results. [6] In terms of generalisability, observed rates of BSI using standard CVCs declined steadily over the past decade, including the period within which children were enrolled into the CATCH trial. [9, 16] Children receiving antibiotic CVCs now are therefore likely to have a lower risk of BSI than those participating in the CATCH trial. In terms of budget-impact, antibiotic CVCs are more expensive than standard CVCs. However, antibiotic CVCs would likely be bulk-purchased for all children (including those with a lower risk of BSI than those participating in the trial). By estimating the number of BSI potentially averted using antibiotic CVCs for all children, we showed that the additional cost of purchasing antibiotic CVCs is lower than the value of resources associated with excess BSIs using standard CVCs.
We assumed that the relative treatment effect found in CATCH would be the same regardless of the baseline rate of BSI, i.e. that the effect would be the same for children who would have been ineligible for the trial because they were expected to stay <3 days in PICU. We reasoned that the biological mechanism through which antibiotic CVCs work is the same for low and high-risk patients (antibiotic-impregnated CVCs reduce the chance that bacteria track internally or externally along the CVC from the insertion site) and there was no a priori reason for an interaction. Randomised controlled trials of impregnated CVCs show similar results for long-and short-term CVCs, suggesting that effect is not modified in groups with different baseline risk or length of stay. [17] In CATCH, the event rate was low and there was limited power to assess variation in the treatment effect according to the duration of CVC. In reality, 72% of children recruited in CATCH required a CVC for 3 or more days.
There are a limitations to this study. Firstly, although Public Health England request that only clinically significant isolates are reported to the national surveillance system, the data used in the linkage study could have included BSI that should have been considered as contaminants. Secondly, BSI rates using standard CVCs were estimated using a predictive model as it was not possible to identify which children in PICANet had a CVC. We also relied on the assumption that for children likely to have required CVCs, CVCs would remain in place for the entire PICU stay. There is no clear direction of bias as we may have over-or under-estimated CVC-days, but our assumptions are reasonable based on the subset of CATCH participants. Finally, we relied on survey responses to derive the number of CVCs required in PICU, but we addressed this and uncertainty in other parameter estimates by performing sensitivity analyses. [18, 19] 
Conclusion
Our results suggest that the benefits of using antibiotic-impregnated CVCs apply even for PICUs with low rates of BSI. These finding are consistent with systematic review evidence on the cost-effectiveness of impregnated CVCs in adults, which indicates that implementation of impregnated CVCs would be cost-effective for a range of relative risks and for baseline incidence of BSI as low as 0.2%. [20] CATCH is the first trial to assess the effectiveness of antibiotic-impregnated versus standard CVCs in children, and the results of this generalisability study add to strong evidence in adults. Furthermore, as our cost estimates only consider use of hospital resources, the true cost of BSI and the benefits of antibiotic CVCs may be even greater when longer term outcomes of BSI are taken into account.
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